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1. INTRODUCITON 

Deposits generated during thermal seessing of jet fuels in the m O T  (Jet Fuel 'Ibermal Oxidation Tester) hold a great 
deal of potential information about the mechanism and chemistry of fuel degradation, providing a suitable technique 
can be found for "unlocking" the data. previous work at the BP Research Gatre at Sunbury-on-Thames (RCS) using 
Auger Electron Specooscopy has shown that magnesium (present in the tube alloy) will segregate at the tube surface 
and inhibit carbon deposition (1). The aims of recent work are to investigate further the causes and mechanisms of 
deposition, both in terms of chemical species and physical parameters. 

m O T  tube deposits have been examined by Scanning Electron Miaoscopy/Energy Dispersive Analysis of X-rays 
(SEM/EDx). 'Izlis non-desnuctive techruque enables a "profile" of the relative abundance of Merent elements 
present in tk deposit along the tube length to be dram Further chemical characterisation of depits has been made 
using Law Ionisation Mass Analysis (LIMA); again, analysis has been performed along the lengib and through the 
depth of the deposit, providing infomation on deposit pro&s in relation to  be tempenhue. It is now possible to 
obtain reproducible and reliable infomation about deposition levels enabling the Muence of different factors such as 
temperalore, time and fuel composition to be studied. 

Much effort has been devoted during the past decade to charaaerisation of m O T  tube deposits with less attention 
being given to the formation of particulate material during thermal stnssing of fuels. It is believed tbat these could 
have as equally deleterious effects in aimaft fuel systems as surface layer deposits. Sped13 fuels are known to 
produce sufficient particulate material during normal JFl'OT tests to give a measurable pressure differential across the 
standardJFTOT 1 7 m  Dutch weave test 6lter. To study the formation of filterable deposits, an Alcor HLPS (Hot 
Liqnid Process Simulator) has been modified at RCS to incorporate a 0.45 um Millipore membrane downstream of the 
heater tube test seaion. as a direct replacement for the srandard 6lter. F h b l e  particulate deposits are collected 
duriog tests and charaaerised in terms of total mass and chemical compositioe 

Use of LIMA and SEMJEDX to charactRise deposits generated in the mroT and the modided HLPS apparatus is 
described in this paper, with particular reference to the Mnence of fuel composition and test operating conditions on 
tube depOSitiW and filterable deposit formation. 

2. APPLICATION OF SEM/EDX TO FTOT TUBE DEPOSIT ANALYSIS 

In SEM/EDx bombardment of the deposit with a low energy probe (3.0kv) enables X-rays to be generated from the 
individual elements present at the point of analysis. l%is energy is suffiaent to ensure that an aluminium si& from 
the tube itself is seea whilst madmising the surface sedivity.  Thus a ratio of the phcular element under 
investigation to t k  aluminium can be given. As thidmess of the deposit varies, the response doe to both carbon 
and aluminium wiU alter respectively. It is therefore not possible to give an absolute value to the carbon content, but 
by quoting it as a ratio to the aluminium, a comparative value is obtained Repetitive analysls at points along the 
d e p i t  length enables a profile of UAl values with tube position to be plotted. Calibfhion of t k  peak mas. using 
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carbon hlms of known thiclrness would allow at least semiquantitative measurement of deposit thickness. Owing to 
the varying response of the technique to different elements, it is not possible to establish relatiomhips between 
different elements in one deposit, only to compare the abundance of any one element from deposit to deposit 

Typical profiles are given p i g  1) with the profile obtained from an unused tube included for comparison Uuiformity 
of the deposit was cbecked by determioing the profile on two sides of the Nbe. A small diffe,rence was observed. but 
this was not thought to be siwcant 

From the profile obtained fmn a typical JITOT deposit, the carbon conceneration is seen to be symmetrical about a 
point which occu~s downstream of the maximum Nbe temperature ( 3 k ) .  Tbere is a substantial increase in the 
amount of deposition after the maximum tube temperature. Where TDR traces show "splitting" of peaks, SEM/EDX 
has shown the deposit to consist of a single gaussian distribution envelope mainly of carbon. This throws some doubt 
on the validity of the TDR for tubes with thicker deposits. 

2.1 Relationship between deposition and Nbe assessmmt 

The relationship between visual ratings, TDR values and SEMlEDX mces is shown (Figs 23). There is good 
agreement, although SEM/EDX can identify uace levels of degradation carbon on a tube that has been given a visual 
rating of 1 and a TDR rating of zero. It is clear that the sensitivity of any assessment technique must be taken into 
account when defining the breakpoint of fuel as fbe temperature at which "onset of depositi'oo" o m .  

2.2 Prediction of fuel breakpoiit 

The deposit CIAI ratio at any point in the pm6le can be ploned againsr the conespolldiDB  be temperatme; two 
values for each temperature are obmkd, one upsmam and one downsueam of the maximum tube temperature (Fig 
4). For a given fuel mn at diff&rent temperatures in JITOT tests, the UAI ratios at equivalent tube temperanrres on 
the upsmam side of the maximum m be temperature show good agreement (Fig 5) .  l'his suggests that the thickness of 
deposits generated during JITOT tests may be constant at a specific tube temperature for a given fuel. Thus with 
knowledge of carbon thickness associated with a visual ming of 3, it may be possible to estimate the breakpoint 
temperature of a fuel from the S-X profile generated from a single IFTOT test at a temperature higher than the 
breakpoint This pmcedure may fmd applications for research purposes. 

2.3 Kinetics of deposition 

Maximum CIAl ratios obtained for one fuel at a Mostant temperature are plotted against tea duration in Fig 6. The 
extent to which the non-linear response of the SEM/EDX to deposits of varying tJickness affects these results is not 
known. However, the extended "induction period" observed implies a genuine change in mechanism, with deposition 
perhaps being governed by either a catalytic reaction with the tube surface or by an adherence effect Others have also 
noticed this so-called "induction period" before the onset of deposition (2). The significance of this "induction 
period" with respea to airuaft fuel system operation needs to be established, 

2.4 Role of metals and MDA Metal Deactivator Additive) 

The presence of metals in fuel causes a reduction in thermal stability, although it is not hown whether the metal 
plays an integral pan in deposition or acts only in a catalytic capacity. Addition of MDA gearally produces an 
apparent increase in thermal stability as pemived by the mrOT. The mechanism for this "improvement" is not 
undemood clearly and may be ascribed either to a bulk fuel reaction or to a "passivation" of the  be snrface. In ordez 
to address some of these aspects, experiments were carried out using one fuel with differing levels of metals, MDA 
and metavMDA; results are shown in Table 1. 
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It is shown (Table 1. Fig 7) that copper had a deleterious effect on the thermal stability of the fuel, with an increase in 
carbon deposition with increasing levels of copper. Interestingly, copper was observed in the deposit and was also 
seen to increase as fuel copper levels were increased (Fig 8). When MDA was added the thermal stability was seen 
to improve over and above that of the base fuel. This time, however. there was no evidence for copper in the deposit, 
indicating that the metal chelate plays no part in deposition. This would imply that the free copper reacts with species 
in the fuel to cause deposition. but will preferentially bind to the MDA It is apparent that the MDA performs its 
accepted role well in metal chelation. and also appears to have some other additional effect on JETOT Mllb  as yet 
not fully undemood Tubes run with dodecane doped with copper showed that in the absence of a deposit m coppa 
was detected on the tube surface. 

Addition of iron to the fuel was seen to promote deposition to a much greater extern, but, in contrast to the copper, 
iron was not found to be present in the deposiL Although MDA was found to negate the e a a  of the iron, Ik 
additive was not as efficient as with the copper at improving JFKIT breakpoint. 

Iron appears to play a catalytic role in deposit formation Although chelation with MDA reduces its aaivity. it may 
be that some limited catalysis can still occur even in the chelated form or that tk chelate is not thermodynamically 
stable at higher t a n p a m e s .  

3. APPLICATION OF LIMA M m O T  TUBE DEF'OSIT ANALYSIS 

LIMA analyys of tk deposus has shown vanahom UI the chenucal composhon anth respect to t e m p t u r e  and tube 
locahoa The propomon of ammahc to ahphaac hydrocarboos IS sem to muease towards the maxunum tube 
trmperature and also nearer the tube muface m a deposlh where presumably a t e m p N r e  gradtent exists amss  the 
deposit. As such, II may be that chermcal changes OCGW m the depost afw it has been l ad  down and that *fore 
charaaensahon of UK depost m tins way may not be a ~ I U I ~  e x e m  

3.1 MDAmdies 

The presence of MDA on tube snrfaces has been shown by LIMk The negative ion speanun generated from 
analysis of MDA on stainless steel or alntninintn substrates shows cbaraaerisdc peaks at 119 a d  146 amu (atomic 
mass nnits) (Fig 9). These peaks have been observed in spectra from tubes which have been contacted with dodecan 
or fuel Containiog MDA, at ambient or at elevated temperaaves p i g  10). They have not been observed during 
analyses of new JITOT tubes or deposits generated from fuels which had not been treated with MDA, when peaks 
charaaeristic of fuel degradation products only are observed 

Immersion of a new IFIDT tube in fuel containing MDA at ambient temperaaue M l l t s  in a layer of MDA on the 
tube surface, ideaiIiable by LlMk Variation in coma time does not appear to alter the level of coating, although 
absolute levels of MDA were not quantifiable. These tests are confirmation of the affinity of MDA for virgin metal of 
the JETOT tube surfaa. The "strength" of the MDA coating can be demonsuated by performing tests on tubes pre- 
coated witb MDA by immersion in mated fuel; the MDA is not removed in subsequent FITIT tests using unseated 
fuel. ?bere is however, some evidence for carryover of MDA from previous JFKIT tests although the extent of 
carryover is insufficient to have a measurable intluencc on visual rating or TDR assessments. 

The passivation role amibuted to MDA in the JFTOT test is undoubtedly related to the affinity of the additive for the 
metal slrrtace. LIMA provides the oppmunity to study the phenomenon in detail. 
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4. FORMATION OF PARTICULATE MATERIAL DURING THERMAL STRESSING 

Tests on the modified HLPS have shown that in addition to tube deposition, substantial filterable deposits are formed 
which are not normally detected in standard JITOT tests, and at temperatures below the recognised breakpoint of the 
fuel These increase exponentially with temperature (fig 11). 

The innuence of fuel metal content was demonstrated by addition of copper and imo (as qhtheoate) to the fuel, 
when there was a significant increase in the mass of deposit at a given temperature (Figs 12,13). With copper, the 
level of tube and 6lterable deposits increased with fuel copper content and copper was observed to be inherent in the 
deposits in increasing amounts. Io con- while iron had a deuimemal effect there appeared to be a limiting level 
of iron above which formation of filterable deposits was not increased. Also, iron was not present in the tube 
deposits, but was abed in the filter deposits. These data coupled with results fmm other ETOT studies (Section 
2.4) suggest that the deleterious effects of iron and copper are caused by different mechanisms. Io particular, iron 
a p p r s  to behave as a catalyst and is not inherently involved in deposit formation on the Nbe. whereas copper 
appean to combine with fuel species to promote deposition, in addition to any catalytic role it may have. 

Addition of excess MDA to the metal dopea fuels restored the quality to that of the base fuel (figs 12.13) indicating 
that tbe MDA was effective in negating the effect of the metals. To what extent miS was caused by passivation of the 
tube surface and hence reduced reactivity, or by a genuine bulk fuel improvement is at this stage unclear. 

The rate of formation of filterable deposits is shown in fig 14. Initially. there was a linear increase, but thereafter. the 
rate of formation was reduced (The fuel flow rate is kept mostant throughout the test by adjusting the variable speed 
pump to mpensate for the innease in pressure differeotial aaus the test filter.) It is proposed that the rate of 
formation of filterable deposit$ is affected by two factm. As deposition oc(ws on the tube surface, (i) the surface 
reactivity of the tube is inhibited, leading to reduced overall fuel depdahon, and (ii), the tube exhibits enhanced 
adhesion properties. such that bulk fuel degradation prodom are retained, leading to an innease in tube deposition 
and a decrease in filterable deposits. This is shown schematically (Fig 14) where the tube deposits have been 
calculated as the diffemce between M y  increasing filterable deposits and actual measured levels. The variation 
in Nbe deposits with time is in good apemen1 with SEhWDX data generated from JFTOT deposits (Section 2.3). 
Also, the mass of tube deposits prediaed is of the same order of magnitude as measured by o k r s  in carbon bum-off 
assessnent of J”0T tube. deposits (3). 

Particle size measurrments performed using laser diffraction techniques (fig 15) demonshate large increases in the 
number of partidates after thermal messing, with the majority in the submicron size range. ’he implicatiom for 
airnan fuel system operation need to be established 

5. CONCLUSIONS 

S W X  and LIMA have been used for reliable charaaerisation of J”0T and HLPS Nbe deposits providing 
information about deposit formation in relation to operating parameters and fuel composition Tentative mechanisns 
for che role of me& and ADA on rhemal stability have been pIoposed 

Tests on a modified HLPS have shown that substantial filterable deposits are formed during thermal stresing of fuels 
which are not detested in standard JFTOT tests. These have been shown to ocw at temperatnxes below the JFMlT 
breakpoint of the fuel and to vary with temperatore and fuel composition Models have been proposed to demonshare 
the relationship between tube and filterable deposits. Tbese initial investigations wil l  form the basis for more detailed 
studies on jet fuel thermal stability. 

I 
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Figure 9. Metal deactivator additive. 
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Figure 10. Merox Jet A-112.3 mgllitre MDA 150 minutes at 305°C. 
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(number) distribution. Fuel: Merox Jet A-I  + 75 ppb copper. 

1246 


